In this study, we assess under laboratory controlled conditions the direct and hydroxyl radical ( OH)-induced photochemical production of low molecular weight (LMW) dicarboxylic acids and related compounds (C 2 -C 9 ) (DCAs) from oleic acid (cis-9-octadecenoic, 9C 18 ) in aqueous solution. Nitrate (NO 3 -)-amended and unamended oleate solutions were irradiated under ultraviolet-B radiation (UV-B, 313 nm) for 5 h, with NO 3 being the source of OH. The OH-induced photochemical production of DCAs (C 2di -C 9di ) (165 ± 32 nM h -1 ) was much higher than that induced by the direct effect of UV-B (33 ± 31 nM h -1 ), accounting for 85% of the total (direct + OH-induced) photochemical production of DCAs (C 2di -C 9di ) (194 ± 6 nM h -1 ). Azelaic acid (C 9di ) was the dominant photoproduct (comprising 63 and 44% of DCAs in the direct and OH-induced photochemical production, respectively) followed by C 8di , C 7di and C 6di , whereas shorter chain compounds (C 2di -C 5di ) were minor produced species. Using our estimate of OH photoproduction (P-OH in nM h -1 ), the production of C 9di from 50 µM of oleic acid was evaluated to ~ 36 nM (nM OH) -1 . We propose in this work a chemical mechanism for the reaction of OH with oleic acid in aqueous solution from the cleavage of its double bond, and the subsequent formation of DCAs through oxidation and decarboxylation processes.
Introduction
Low molecular weight (LMW) dicarboxylic acids and related compounds (C 2 -C 9 ) (DCAs) are ubiquitous water soluble organic compounds that have been detected in a variety of environmental samples including atmospheric aerosols [1] , rain waters [2] , ice cores [3] , marine sediments [4] , fresh waters [5] and seawater [6] . Because of their hygroscopic properties, DCAs can act as cloud condensation nuclei and have an impact on the radiative forcing at the Earth's surface [7] . In atmospheric aerosols, one of the major sources of DCAs is direct and sensitized photooxidation of unsaturated hydrocarbons and fatty acids [8, 9, 10] . The reaction of oleic acid (cis-9-octadecenoic, 9C 18 ) with O 3 , OH and NO 3 has recently emerged as a model system to better understand the photooxidation processes affecting unsaturated fatty acids in atmospheric aerosols [11, 12] . Oleic acid is degraded through an oxidative cleavage of its double bond to produce C 9 compounds, i.e., nonanoic (C 9 ), 9-oxononanoic (ωC 9 ) azelaic (C 9di ) acids and 1-nonanal (C 9ald ) [13, 14, 15, 16] as well as nitrated carboxylic acids [12] . Secondary photooxidation reactions could initiate the production of lower molecular weight DCAs such as C 2di -C 8di [9, 17, 18] . Although the production of DCAs from photooxidation of unsaturated fatty acids has been largely studied in the atmospheric aerosols, little is known about the direct and sensitized photoproduction of DCAs in aqueous solutions. In seawater, it has been shown that oleic acid, which is produced by phytoplankton [19] , was directly photooxidized to produce ωC 9 and C 9ald [20] . However, there is no report of concentrations of a homologous series of DCAs from these photooxidation processes. In natural waters, many photochemical reactions are driven by OH, which is one of the most reactive oxidants (E = +1.83 V) [21, 22, 23] . Major sources of OH in natural waters are the nitrate (NO 3 -) and nitrite (NO 2 -) photolysis, initiated by UV-B and UV-A (315-400 nm), respectively, as well as the photolysis of colored dissolved organic matter (CDOM), initiated by both UV-B and UV-A [24, 25, 26] . Photochemical oxidation reactions may substantially modify molecular distribution and bacterial availability of dissolved organic compounds in natural waters and then play a significant role in aquatic carbon cycle [27, 28] .
The objective of this study is to assess under laboratory controlled conditions the direct and OH-induced photochemical production of DCAs from oleic acid in aqueous solution (pure water). NO 3 was chosen as photosensitizer and source of OH radicals since (i) quantum yield of OH formation (Φ OH ) from NO 3 photolysis is well known [25, 26, 29] , (ii) NO 3 is very poor OH scavenger (k < 1.10 5 s -1 ) compared to NO 2 -(k = 1.10 10 s -1 ) in aqueous solutions [25] and (iii) in natural waters NO 3 is often found in much higher concentrations than NO 2 -. The production of OH from the UV-B photolysis of NO 3 is described by the equations [30, 31] : 
Materials and methods

Irradiation experiment
Assessment of OH photoproduction
OH photoproduction (P-OH) from the UV-B irradiation of 15 µM NO 3 was assessed using the following photochemical equation:
Where P-OH(313) is production of OH at 313 nm (in nM h -1 ), E 0 (313) is irradiance received by the samples at 313 nm (4.10 -5 W cm -2 which corresponds to 0.0072 mol photon m -2 h -1 ), a(313) is absorption coefficient of 15 µM NO 3 at 313 nm (0.027 m -1 ; Fig. 2 ) and Φ OH (313) is quantum yield of OH formation from NO 3 photolysis at 313 nm used from [29] (1.3% at 20°C and pH 6.2-8.2) that we corrected by temperature effect according to the following formula [33] :
The value of Φ OH (313) we used for 15°C was 1.05%. Consequently, P-OH in the NO 3 -amended oleate solutions exposed to UV-B was estimated to be ~ 2 nM h -1 . [6] .
Results and Discussion
In order to evaluate the photochemical production of DCAs (in nM h -1 ) from the 5-h irradiation of oleic acid, the concentrations reported in Table 1 then summing to obtain the photochemical production of total DCAs (C 2di -C 9di ) ( Fig. 3 ).
8
Clearly, the OH-induced photochemical production of DCAs (165 ± 32 nM h -1 ) was much higher than that induced by the direct effect of UV-B (33 ± 31 nM h -1 ), accounting for 85% of the total (direct + OH-induced) photochemical production of DCAs (194 ± 6 nM h -1 ) ( Fig. 3) .
Consequently, the UV-B photolysis of NO 3 and the subsequent production of OH (P-OH ~ 2 nM h -1 ) and its reaction with oleic acid is much more efficient in producing DCAs (from C 9di to C 2di ) than the direct effect of UV-B on oleic acid, the latter leading only to the production of DCAs from C 9di to C 7di (Fig. 3 ). C 9di was the dominant photoproduct (comprising 63 and 44% of DCAs in the direct and OH-induced photochemical production, respectively) followed by C 8di , C 7di and C 6di , whereas shorter chain compounds (C 2di -C 5di ) were minor species ( OH-induced production) or not detected as photoproducts (direct production) ( Fig.   3 ). The OH-induced photochemical degradation of oleic acid led to a C 9di production of 72 ± 16 nM h -1 (Fig. 3) . Therefore, using our P-OH calculated value of 2 nM h -1 , the production of C 9di from 50 µM of oleic acid in aqueous solution can be assessed to ~ 36 nM (nM OH) -1 .
The total photochemical production of DCAs (C 2di -C 9di ) for 5-h irradiation (971 nM) represents 7.4 µM C and thus account for 0.8% of the initial concentration of oleic acid (900 µM C). In addition to DCAs (C 2di -C 9di ), many other intermediates and photochemically stable compounds are likely produced from the OH-induced degradation of oleic acid in aqueous solution. For atmospheric aerosols, some authors reported the photoproduction of C 9 , ωC 9 , C 9di and C 9ald , as well as nitrated carboxylic acids from the reaction of oleic acid with OH, O 3 or NO 3 [12, 13, 14, 15, 16] . In this study, C 9 and C 9ald could not be determined using our GC/FID technique. However, ωC 9 was found to be below the detection limit in the samples, suggesting that this compound, once produced from oleic acid, was immediately oxidized into C 9di .
A chemical mechanism for the reaction of OH radicals with oleic acid in aqueous solution and the subsequent formation of DCAs (C 2di -C 9di ) is proposed in This study clearly shows that OH efficiently produces DCAs, especially C 9di , from unsaturated fatty acids in aqueous solution. As regard to the experimental conditions we used, including pH, temperature, irradiance as well as NO 3 and oleate concentrations, we can expect to have, qualitatively, similar C 2di -C 9di photochemical production in various natural waters including fresh, river and rain waters. However, in seawater, OH, which reacts almost exclusively with bromide ion (Br -) to generate the less reactive dibromide anion (Br 2 -), is unlikely as efficient in degrading unsaturated fatty acids [22, 34] . 
Figure legends
